Introduction {#Sec1}
============

Atherosclerotic renal artery stenosis (ARAS) is a leading cause of secondary hypertension and has profound, deleterious effects on the cardiovascular system \[[@CR1]--[@CR3]\] as well as on the kidney \[[@CR4]•, [@CR5]\]. Although there is general agreement that patients with ARAS should be vigorously treated with antihypertensive and lipid-lowering drugs, there is controversy regarding the role of angioplasty with or without stent placement. The outcomes of several randomized trials have challenged the view that angioplasty with or without stent placement is beneficial in these patients as such treatment was not superior to treatment with medication alone. Accordingly, there is a tendency now among clinicians not to look actively for renal artery stenosis as it is deemed to be without therapeutic consequences. However, negative trial results do not necessarily imply that the treatment under study should be abandoned altogether in all cases. Indeed, it is very well possible that the patients who were included in the trials had a specific phenotype that is not representative for all patients with the condition or that the results of angioplasty are more dependent upon the various stages of the disease. Detailed knowledge of the pathophysiology of renovascular abnormalities is necessary, therefore, to appreciate whether the available trial results can be applied to all patients with ARAS or only to a specific subset. Here, we will review briefly some of the recent findings regarding the natural history of ARAS and its pathophysiological sequelae. The central question which we will try to answer is whether our current understanding of the abnormality and its treatment provides enough guidance for the physician to base treatment decisions on in specific patient groups.

Clinical Significance of Renal Artery Stenosis {#Sec2}
==============================================

While ARAS in all likelihood is part of a generalized atherosclerotic process, the excess cardiovascular morbidity and mortality cannot simply be explained on the basis of hypertension or degree of renal impairment. This can be substantiated by the following observations. Kalra and coworkers, for instance, have found that incident ARAS, i.e., an atherosclerotic stenosis that developed in a random population sample without prior renovascular disease, was associated with a significant increase in cardiovascular complications and mortality as compared to the general population \[[@CR1]\]. There is also evidence that such cardiovascular abnormalities are more pronounced with bilateral than with unilateral ARAS \[[@CR2], [@CR6]\]. In addition, for the same level of blood pressure and degree of renal dysfunction, patients with ARAS have more cardiovascular comorbidity and a greater prevalence of left ventricular hypertrophy and diastolic dysfunction than those without ARAS \[[@CR6]\]. Finally, the rate of complications increases already with low-grade stenosis, even as low as less than 30% luminal reduction \[[@CR7]••\]. Generally speaking, such low-grade stenoses are considered to be of no hemodynamic significance but they may very well be clinically significant.

In an era where imaging possibilities are virtually endless, we are likely to find, every once in a while, a so-called abnormality which has no clinical significance whatsoever. One could argue that such may be the case when renal artery stenosis is found accidentally for example in normotensive patients who are scheduled for coronary angiography. Indeed, the presence of an ARAS does not always lead to hypertension as some early autopsy studies in unselected patients already showed \[[@CR8], [@CR9]\]. A more recent autopsy study reported a prevalence of 6.8% of unsuspected renal artery lesions in a normotensive general population older than 65 years without clinically evident renal disease \[[@CR10]\]. Nevertheless, incidental ARAS appears to be associated with a significantly increased mortality and, therefore, can have major clinical significance \[[@CR11]\]. It thus seems that ARAS is not simply an otherwise innocent aspect of a generalized atherosclerotic process, but rather a risk factor for cardiovascular complications in its own right. Once ARAS has developed, even if low-grade, this abnormality per se appears to act as an enhancer of atherosclerosis elsewhere in the body. It accelerates or aggravates vascular lesions in various organs, including the kidney, through mechanisms that at least partly appear to be independent from elevated blood pressure \[[@CR12]\]. Also, renal function will be adversely influenced by the presence of ARAS, regardless of blood pressure and regardless of the degree of stenosis \[[@CR13]\]. Therefore, even low-grade ARAS should potentially be considered as clinically significant.

Pathophysiological Aspects {#Sec3}
==========================

The excess amount of atherosclerosis in patients with ARAS suggests that the stenotic kidney entails pro-atherogenic processes with the renin-angiotensin system being an obvious mediator. However, in bilateral disease, renin levels are usually lower than in unilateral disease, yet the opposite is true for the incidence of cardiovascular complications \[[@CR2], [@CR6]\]. Sympathetic activation, locally triggered by the intrarenal production of hypoxia-related substances such as adenosine, could also play a role. Recent experimental studies also point towards hypoxia-induced pro-inflammatory, pro-oxidant, and pro-fibrinogenic mechanisms that are activated during repeated acute ischemic episodes and from which the kidney can recover as long as the stenosis is moderate \[[@CR14]••, [@CR15]••\]. For instance, compared to normotensive subjects and patients with essential hypertension, those with unilateral ARAS and more than 60% stenosis have increased levels of the acute phase protein NGAL (neutrophil gelatinase-associated lipocalin) in their renal venous blood on both the stenotic and the contralateral side \[[@CR16]\]. On the other hand, inflammatory markers such as tumor necrosis factor (TNF)-alpha and interferon-gamma are higher on the stenotic than on the contralateral side. These results have been interpreted as pointing to ongoing inflammatory processes or acute ischemic events within the post-ischemic kidney. However, whether such markers are also elevated in patients with lesser degrees of stenosis is uncertain. In our own laboratory, we have measured plasma levels of the endogenous nitric oxide inhibitor ADMA (asymmetric dimethylarginine) in systemic and renal venous blood of patients with varying degrees of unilateral ARAS \[[@CR17]\]. Compared to patients with essential hypertension, carefully matched for age, sex, and blood pressure, systemic levels of ADMA were elevated in those with more than 50% stenosis only. However, the renal plasma clearance of ADMA was significantly lower in stenotic kidneys compared to the contralateral one in both high-grade and low-grade stenosis (Fig. [1](#Fig1){ref-type="fig"}). Moreover, plasma clearance of ADMA by the contralateral kidney is higher when the stenosis in the affected kidney is more severe. These data strongly suggest that a kidney with ARAS, even if the stenosis is low-grade, has a reduced capacity to clear the plasma of ADMA (or perhaps even produces this compound itself). The contralateral kidney tries to compensate for this pathophysiological abnormality by increasing its plasma clearance of ADMA and is able to keep systemic levels within relatively normal limits as long as the stenosis on the affected side is below 50%. As circulating ADMA is a pro-atherogenic substance, our results are compatible with the view that the kidney contributes to acceleration of the atherosclerotic process itself by inhibiting nitric oxide in the systemic vasculature. Although circulating levels of ADMA are not yet increased in patients with low-grade stenosis, it is obvious that even in these patients there are already significant pathophysiological changes occurring in the affected kidney. So far, however, we do not have sufficient information to know precisely what happens in humans during the phase of slowly-progressing luminal narrowing and whether targeting progressive stenosis therapeutically would confer benefit.Fig. 1Reduced renal plasma clearance of ADMA by the stenotic kidney in patients with unilateral ARAS. Data from \[[@CR17]\]

Atherosclerotic Renal Artery Stenosis Is a Progressive Disorder {#Sec4}
===============================================================

In an attempt to explore whether ARAS is a progressive disease, Schreiber and colleagues retrospectively reviewed data from 85 patients who had at least two angiographic evaluations over a 10-year period \[[@CR18]\]. They found that in 44% of cases, the stenosis progressed with complete occlusion occurring in 16%. In a similar study by Tollefson and Ernst, progression of unsuspected atherosclerotic renal arterial stenoses occurred in 53% of the arteries \[[@CR19]\]. Total occlusion developed in 9% of the arteries, all of which had a high-grade stenosis at baseline. The rate of diameter stenosis progression was approximately 5% per year, irrespective of the initial degree of stenosis. Although the diagnosis in both reports was based on angiographic films, which remain the gold standard, the studies had the disadvantage of being retrospective. Nevertheless, these data have subsequently been confirmed in prospective studies, albeit with non-invasive techniques. For instance, Zierler and associates followed 84 patients with at least one abnormal renal artery with repeat duplex scanning. The cumulative incidence of progression from less than 60 to 60% or greater stenosis was 23 and 42% respectively after 1 and 2 years \[[@CR20]\]. In a later study from the same department, Caps and coworkers prospectively followed the fate of 295 kidneys in 170 patients who were referred for renal ultrasound because of hypertension, renal insufficiency or both, and found that the cumulative incidence of ARAS progression was 35% at 3 years and 51% at 5 years \[[@CR21]\]. Risk of progression was greatest (49%) in those who at baseline had already more than 60% stenosis, while it was 28% in those with lesser degrees of stenosis. More importantly, 18% of those with initially normal renal arteries developed a stenosis. Factors that were significantly associated with the risk of progression were a systolic blood pressure above 160 mmHg, the presence of diabetes mellitus, and high-grade stenosis in either the ipsilateral or the contralateral kidney. Progression to total occlusion, however, was rare. It should be stressed, though, that all diagnoses were made by ultrasound which is not the most accurate technique to establish the degree of stenosis. In another analysis, the same investigators found that renal atrophy occurred in 21% of cases with high-grade stenosis, but also in nearly 6% of those with less than 60% stenosis \[[@CR22]\]. Altogether, the available evidence suggests that in patients with ARAS, the stenosis progresses over time and that even patients with low-grade stenosis are at some risk of loss of parenchymal renal tissue. Thus, it may be an erroneous assumption to consider only stenoses of more than 60 or 70% luminal reduction clinically significant.

Can we Reliably Assess the Functional Significance of Renal Artery Stenosis? {#Sec5}
============================================================================

Most investigators would consider a renal artery stenosis hemodynamically significant only when the luminal diameter is reduced by at least 50 to 70%. Unfortunately, conventional imaging techniques such as CTA or MRA are less accurate in quantifying the degree of stenosis, although with adequate post-processing methods this may become better. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) are methods that allow direct visualization of the severity of the stenosis, but both require arterial catheterization and, as yet, cannot be applied on a large scale. Moreover, knowing to what extent the lumen is reduced still does not provide information on how severely the kidney may be affected by the given stenosis. Thus, one needs some functional test to assess the hemodynamic significance of a stenosis. Measurement of the intrarenal resistance index by Duplex ultrasonography has been proposed to serve that purpose, as there is a close correlation between the resistance index and the pressure gradient across the stenosis, at least in patients with a unilateral stenosis \[[@CR23]••\]. However, even though Duplex ultrasonography is probably the best available non-invasive procedure at the moment, it has not gained widespread acceptance, largely because it requires specific operator skills. For years, on the other hand, clinicians have determined renal vein renin levels, but the renal vein renin ratio seems clinically useful only to detect patients with a totally occluded renal artery \[[@CR24]\].

At the present time, more and more investigators tend to use measurements of the pressure gradients across the stenosis at baseline and during dopamine-induced hyperemia as an indicator of the hemodynamic significance of a stenosis \[[@CR25], [@CR26]\]. Still, there is no evidence that this is the best approach and, from a theoretical point of view, there are even arguments against putting too much trust in the results of such measurements. Indeed, what happens to a kidney with a stenotic artery depends not only on the degree of the stenosis, but also on how acutely this develops, and on the autoregulatory potential of the organ. When pressure distal to the stenosis is within the autoregulatory range and intrarenal vasodilation occurs to maintain renal blood flow, distal pressure will fall further thus creating, in fact, an impression of a tighter stenosis \[[@CR27], [@CR28]\]. In this case, the translesional pressure gradient will slightly increase. When the renin-angiotensin system is stimulated concurrently, the angiotensin II will raise intrarenal vascular resistance and, at least in part, offset such a rise in pressure gradient. Thus, measuring a pressure drop over a stenosis per se does not provide adequate information about the hemodynamic significance of the stenosis. Although it should be emphasized that the pathophysiology as outlined above has been derived from animal situations, there is no a priori reason to believe that these mechanisms are fundamentally different in humans. Often, the much-cited study by De Bruyne and co-workers is taken as evidence that renin production does not increase until the ratio of distal renal artery pressure to aortic pressure is lower than 0.9 \[[@CR29]\]. However, this study is potentially flawed given that the investigators artificially created pressure gradients by balloon inflation in patients who already had a stenosis and had just received a stent. The results of that study, therefore, are applicable only to acute-on-chronic stenosis and not so much on stenosis per se. In a later study, the same group established that, although quantitative renal angiography and Doppler results correlate with the pressure ratio, both techniques tend to overestimate the degree of stenosis when the pressure ratio is taken as the gold standard to indicate a hemodynamically significant stenosis \[[@CR30]\]. However, one could easily draw the opposite conclusion that a certain degree of anatomical stenosis may be associated with a lesser than expected pressure ratio, perhaps as a result of intrarenal vasoconstriction.

Recently, Van Brussel and associates reviewed the literature concerning basal and hyperemic hemodynamic measurements in patients with renal artery stenosis as a guide to treatment \[[@CR31]••\]. In 11 of the 15 studies which they included in their analysis, the degree of renal arterial narrowing was reported to range from 51 to 78%. By and large, the correlation between anatomic severity of the stenosis, as determined angiographically, and hemodynamic data appeared to be relatively poor, and the predictive value of intrarenal functional data for outcome is still insufficient. Taken together, the available data strongly suggest that at the present, we do not yet have adequate tools to reliably establish the hemodynamic significance of any degree of ARAS in humans.

Results of Revascularization Trials {#Sec6}
===================================

Over the past 20 years, several randomized studies have been performed which evaluated the effect of percutaneous transluminal renal angioplasty without (PTRA) or with (PTRAS) stent placement over and above medical treatment compared to medical treatment alone. In a meta-analysis of these trials, angioplasty with or without stenting proved not to be superior to medical therapy alone with respect to a variety of outcome measures, including changes in systolic blood pressure, renal events, and cardiovascular complications \[[@CR32]••\]. However, in 2016, an expert panel systematically reviewed all data from randomized as well as non-randomized studies concerning the comparative effectiveness and safety of PTRA plus stenting, surgical revascularization, and medical therapy to treat ARAS with regard to clinically important outcomes \[[@CR33]••\]. The overall conclusion of this analysis was that the strength of the evidence that there is no or only a minimal clinically relevant difference between these treatments with regard to outcome or blood pressure control, is low. In other words, it remains uncertain whether mechanical treatment of the stenosis with or without stenting is beneficial or not.

Whenever a trial or a series of trials fail to show the expected results, and with the proviso that the interventional procedure(s) and the statistical analysis have been carried out appropriately, a likely conclusion may be that the pathophysiological concept upon which the trials are based is flawed and that selection of patients may have been suboptimal In all likelihood, this is the basic problem with the trials in ARAS that are available today. Indeed, the published trials all included patients with extensive disease, most of whom had high-grade stenosis and impaired renal function. This approach of selecting only patients with advanced abnormalities stems from the interpretation of pathophysiological data which show that lesser degrees of stenosis are not clinically or, for that matter, hemodynamically relevant. However, the threshold issue rests primarily on data obtained in experimental animals, which show that acute clipping of the renal artery has no measurable effect on renal blood flow or blood pressure at luminal reductions less than 70 to 80% \[[@CR34]\]. In humans, on the other hand, renal artery stenosis develops much more slowly, allowing the kidney enough time to completely adapt to alterations in flow. Thus, setting a dividing line at some point to distinguish between significant and non-significant renal artery disease is arbitrary. With slowly progressive narrowing of its supplying artery, the kidney will mobilize compensatory (autoregulatory) mechanisms to safeguard as much function as possible. Only when the stenosis becomes too restrictive, these mechanisms become insufficient and renal function will decline. Therefore, patients who have reached that point, generally the type that has been included in the trials, must already have irreversible renal damage. Accordingly, it is no surprise that revascularization will not restore renal function in these cases \[[@CR35]\]. We therefore conclude that the selection of patients for the angioplasty trials has not been optimal because these patients have little viable kidney tissue left and their chances to improve after revascularization were poor from the outset. In addition, and as pointed out repeatedly by others, we should move away from selecting patients purely on the basis of alleged hemodynamic alterations, but take into account also the various inflammatory and ischemia-related factors \[[@CR14]••, [@CR15]••\].

The Fallacy of the "Insignificant" Stenosis {#Sec7}
===========================================

The failure of the trials to show any significant clinical benefit should not lead to a nihilistic approach with respect to ARAS, but it should rather force us to adjust our ideas about whether our current thinking about the pathophysiology of renovascular disease is correct. Surely, the view that we should not be concerned about patients with low-grade stenosis is not tenable. As outlined above, there is enough data to show that even low-grade stenosis may be associated with a pressure gradient \[[@CR36]\], and renal functional abnormalities already become apparent at a stenosis percentage around 30% \[[@CR37]\]. Moreover, hypertensive patients with low-grade stenosis are at higher risk of cardiovascular complications as compared to hypertensive patients with patent renal arteries. Furthermore, they tend to have a faster decline in renal function than those with no abnormalities \[[@CR13]\]. This tendency towards a faster decline in renal function in patients with a low-grade stenosis was also reported by others \[[@CR38], [@CR39]\]. It would appear, therefore, that there is no such thing as an insignificant renal artery stenosis.

Conclusions {#Sec8}
===========

Patients with ARAS, be it low-grade or high-grade, have a prognosis that is worse than that of patients with patent renal arteries and even normotensive patients with this lesion are exposed to a greater risk of cardiovascular complications. Although there is a lack of studies specifically addressing the question whether patients with ARAS need more aggressive anti-atherosclerotic treatment than those without, it seems warranted that such a study will be carried out. In this regard, it is also relevant to delineate whether and at which degree of arterial narrowing mechanical treatment of the stenosis could confer most benefit. The major intervention trials have included only patients with high-grade stenosis (more than 50 or 60% luminal reduction), but these patients are already far underway on their path of atherosclerotic complications. There is ample evidence that even low-grade ARAS is already associated with pathophysiological changes in the kidney and the systemic vasculature. Naturally, these observations cannot be taken as proof that angioplasty in patients with low-grade stenosis is justified. From a scientific point of view, however, it is worthwhile to explore in a prospective trial whether in patients with low-grade stenosis angioplasty added to optimal anti-atherosclerotic treatment will produce a better outcome than medical treatment alone among patients with low-grade stenosis.

This article is part of the Topical Collection on *Device-Based Approaches for Hypertension*

Conflict of Interest {#FPar1}
====================

The authors declare no conflicts of interest relevant to this manuscript.

Human and Animal Rights and Informed Consent {#FPar2}
============================================

This article does not contain any studies with human or animal subjects performed by any of the authors.
